The Newark-Hartford astrochronostratigraphic polarity timescale (APTS) was developed using a theoretically constant 405-kiloyear eccentricity cycle linked to gravitational interactions with Jupiter-Venus as a tuning target and provides a major timing calibration for about 30 million years of Late Triassic and earliest Jurassic time. While the 405-ky cycle is both unimodal and the most metronomic of the major orbital cycles thought to pace Earth's climate in numerical solutions, there has been little empirical confirmation of that behavior, especially back before the limits of orbital solutions at about 50 million years before present. Moreover, the APTS is anchored only at its younger end by U-Pb zircon dates at 201.6 million years before present and could even be missing a number of 405-ky cycles. To test the validity of the dangling APTS and orbital periodicities, we recovered a diagnostic magnetic polarity sequence in the volcaniclastic-bearing Chinle Formation in a scientific drill core from Petrified Forest National Park (Arizona) that provides an unambiguous correlation to the APTS. New high precision U-Pb detrital zircon dates from the core are indistinguishable from ages predicted by the APTS back to 215 million years before present. The agreement shows that the APTS is continuous and supports a stable 405-kiloyear cycle well beyond theoretical solutions. The validated Newark-Hartford APTS can be used as a robust framework to help differentiate provinciality from global temporal patterns in the ecological rise of early dinosaurs in the Late Triassic, amongst other problems.
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magnetostratigraphy | geochronology | astrochronology | Milankovitch | Triassic T he 27-My Newark-Hartford astrochronostratigraphic polarity timescale (APTS) (1) is one of the longest continuous APTS segments presently available and calibrates much of the Late Triassic and earliest Jurassic geologic timescale. It relies on the geomagnetic polarity and cycle stratigraphies of over 6,900 m of coring in the Newark basin (2-4) and an overlapping 2,500-mthick outcrop section in the nearby Hartford basin (5), both in eastern North America. The composite continental record is paced by 66 McLaughlin lithologic cycles spanning 27 My of the Norian and Rhaetian of the Late Triassic and Hettangian and Sinemurian of the Early Jurassic, reflecting the response of climate to the long astronomical eccentricity variation with a presumed 405-ky period. The 405-ky period cycle is related to the gravitational interaction of Jupiter and Venus (g2-g5 cycle) and is the prominent and most stable term in the approximation of eccentricity of Earth's orbital variations on geologic timescales despite chaotic behavior of the Solar System (6) . The record also encompasses 51 Poisson-distributed geomagnetic polarity intervals (with an additional 15 polarity intervals in the fluvial noncyclic sediments toward the base of the section, which by extrapolation of sediment accumulation rates extend the record an additional ∼6 My into the Carnian), providing a template for global correlation. However, the astronomically paced polarity sequence is anchored at essentially only one level. High-precision U-Pb zircon dates in lavas and intrusions of the Central Atlantic Magmatic Province (CAMP), which are clustered in close spatiotemporal proximity to the Triassic-Jurassic boundary (7) , were collapsed to a calibration age of 201. 6 Ma for the onset of Chron E23r close to the base of a McLaughlin cycle (Ecc 405 : k = 498.25, where k is the inferred number of 405-ky eccentricity cycles projected back from the most recent maximum at 0.216 million years ago as k = 1), which immediately underlies the oldest CAMP basalts. In the absence of other directly dated horizons, the APTS relies on the assumption of a continuous section with no substantial hiatus(es) in deposition of these continental sediments, which would potentially result in one or more unrecorded 405-ky cycles. The specific timing of the APTS is also dependent on the untested reliability at this distant age range of the 405-ky cycle.
The developing APTS has been successfully used for global correlations in marine and nonmarine facies (e.g., refs. 8 and 9; see ref. 1). Nevertheless, there have been persistent suggestions made largely on the basis of nonmarine biostratigraphic correlations that several million years of Rhaetian (latest Triassic) time are missing in a cryptic unconformity that supposedly occurs just above Chron E23r in the Newark Supergroup basins (e.g., refs. 10 and 11). If true, this would have consequences of comparable magnitude in the timing of events based on anchoring Significance Rhythmic climate cycles of various assumed frequencies recorded in sedimentary archives are increasingly used to construct a continuous geologic timescale. However, the age range of valid theoretical orbital solutions is limited to only the past 50 million years. New U-Pb zircon dates from the Chinle Formation tied using magnetostratigraphy to the Newark-Hartford astrochronostratigraphic polarity timescale provide empirical confirmation that the unimodal 405-kiloyear orbital eccentricity cycle reliably paces Earth's climate back to at least 215 million years ago, well back in the Late Triassic Period.
the astrochronology below the alleged cryptic unconformity to the U-Pb-dated CAMP lavas above it. Therefore, a test is needed of the conjoined assumptions of stratigraphic continuity and the 405-ky periodicity for the long eccentricity cycle that are implicit in the construction of the Newark-Hartford APTS.
The Late Triassic-age Chinle Formation (Fm.) of the American Southwest (Fig. 1A) consists of fluvial and minor lacustrine facies interfingered with paleosols and, importantly for the task at hand, has numerous sandstone horizons with volcaniclastic detritus containing detrital zircons amenable for U-Pb dating (12) . The Black Forest Bed (BFB) within the Petrified Forest Member (Mb.) of the Chinle Fm. at Chinde Point in the northern sector of Petrified Forest National Park (PFNP) was the first unit to be successfully U-Pb zircon dated in the PFNP section (13) . Recent high-precision U-Pb zircon dating of the BFB (12) made it an attractive target for calibration of the APTS. Sampling of outcrop sections demonstrated the feasibility of obtaining a magnetostratigraphy (14) even though revised long-distance lithostratigraphic correlations of the Sonsela Mb. of the Chinle Fm. (15) indicate that there may be a large gap in the composite magnetostratigraphic section. A main scientific objective of the inaugural drilling effort of the Colorado Plateau Coring Project (16) at PFNP (core CPCP-PFNP-13-1A; henceforth PFNP-1A) (Fig. 1B) was to obtain a magnetostratigraphic sequence directly supported by high-precision U-Pb detrital zircon dates for the Chinle Fm. with unequivocal superposition and a diagnostic polarity signature for correlation to the APTS. Here, we report on paleomagnetic and geochronologic results from the upper ∼280 m of the 519-m-long core recovering a section of the Chinle Fm. down from the lower Owl Rock Mb. to the Mesa Redondo Mb., the Moenkopi Fm. and the uppermost Coconino Sandstone (Fig. 1B) .
Results
Following the procedures described in Materials and Methods and SI Appendix, characteristic remanent magnetization (ChRM) directions were successfully isolated in 132 of the 174 oriented subsamples extracted from ∼24-278 meters core depth (mcd) [∼21-248 meters stratigraphic depth (msd)] encompassing the lower Owl Rock Mb., the entire Petrified Forest Mb. including the BFB, and down into the middle part of the Sonsela Mb. The ChRM direction for each sample was converted to a virtual geomagnetic pole (VGP) whose latitude with respect to the 210-Ma reference (north) paleopole (17) , referred to as rVGP latitude, is used to designate polarity. A plot of rVGP latitudes with depth in core PFNP-1A shows a series of magnetic polarity zones that are designated from the top down as PF1r (partim), PF2n, PF2r, PF3n, PF3r (with a thin normal polarity interval, PF3r.1n), PF4n, PF4r, and PF5n (partim) (Fig. 2) . The paleomagnetic signature of sediments of the Owl Rock Mb. from immediately below the erosional unconformity with the late Cenozoic Bidahochi Fm. (not sampled) at 20.6 msd to around 35 msd is erratic, which we attribute to complications during coring and recovery of this shallow and poorly indurated material. The coherence of the polarity data improves sufficiently down core to establish that the lowermost Owl Rock Mb. is in a reverse polarity magnetozone (PF1r) that extends down to a normal magnetozone PF2n (41.1-48.0 msd) straddling the contact with the Petrified Forest Mb. at 41.7 msd. The underlying reverse polarity magnetozone PF2r (48.0-64.5 msd) is sparsely documented because the pale-colored cross-bedded sands and silts of the BFB (∼55.5-66.9 msd) that dominate this interval are poor paleomagnetic recorders, with only 3 out of 17 samples providing acceptable results. Finer-grained red lithologies are more common in the underlying part of the Petrified Forest Mb. and record substantial evidence of a thick (64.5-125.4 msd) normal polarity magnetozone (PF3n), a modestly thick (125.4-153.9 msd) reverse magnetozone (PF3r) that includes a thin (144.5-149.5 msd) normal polarity interval in its lower part, and a normal magnetozone (PF4n; 153.9-187.3 msd) that extends below the contact with the Sonsela Mb. (160.3 msd). The generally coarser and less red lithologies of the Sonsela Mb. proved more difficult for obtaining a coherent paleomagnetic signature. The available data delineate reverse polarity magnetozone PF4r from 187.3 to 215.7 msd and normal polarity magnetozone PF5n from 215.7 msd to the lowest sample with acceptable data in this suite at 240.8 msd. There are also three putative (one-sample) polarity magnetozones of uncertain origin (e.g., inverted samples?) that are not interpreted further.
Given the overall lithostratigraphic, biostratigraphic, and geochronologic framework of the upper Chinle Fm (12, 18) , the most plausible correlation of the local magnetozones (PF1r to PF5n, youngest to oldest) equates them to chrons E17r to E14n (younger to older) of the APTS, spanning ∼209.5-215.5 Ma (Fig. 2) .
The BFB is a distinctive white tuffaceous crevasse-splay sandstone (13, 19 ) that can be more than 10 m thick. It occurs within the upper part of the mostly red Petrified Forest Mb. and can be readily traced in outcrops throughout the northern part of the PFNP, including Chinde Point. A ∼50-m-thick normal polarity interval equivalent to magnetozone PF3n was also found just below the BFB in outcrop (14) but was miscorrelated to Chron E15n, although the thin normal within the underlying reverse polarity interval (PF3r) that secures its correlation to Stratigraphic log of continuously cored section of the Bidahochi, Chinle, Moenkopi, and Coconino formations recovered in core PFNP-1A is shown with lithostratigraphic unit names (38), and the predominant color of the sediments from a digitally smoothed, enhanced color profile based on spectrophotometer data provided by LacCore (courtesy of Anders Noren, University of Minnesota, Minneapolis). Core length (in meters core depth) was converted to stratigraphic thickness (in meters stratigraphic depth) assuming flat-lying strata with core drilled 30°from vertical, and hence stratigraphic thickness is 86.6% of core length. ABQ, Albuquerque; AZ, Arizona; CA, California; CO, Colorado; FLG, Flagstaff; GJT, Grand Junction; LV, Las Vegas; NM, New Mexico; NV, Nevada; PFNP, Petrified Forest National Park; PFNP-A, Private or State Trust land; PFNP-CPCP13-1A, core site at Chinde Point.
Chron E15r is well represented in the outcrop section. Paleomagnetic results were not obtained higher in the outcrop section that might have allowed identification of the critical PF2r magnetozone that straddles the BFB. Detrital zircons in an early study yielded U-Pb dates that indicated a likely, yet poorly defined, depositional age of 209 ± 5 Ma for the BFB (13) . In a subsequent study, 16 prismatic zircons from a sample about 1.5 m above the base of the BFB at Chinde Point were analyzed by chemical abrasion-thermal ionization mass spectrometry (CA-TIMS); five distinguishably younger zircons gave a weighted mean U-Pb date of 209.93 ± 0.07 Ma (2σ) (12) .
Here, we report a U-Pb CA-TIMS detrital zircon age of 210.08 ± 0.22 Ma for a coherent cluster of 6 out of 14 zircons analyzed from the BFB in core PFNP-1A (SI Appendix). The two U-Pb CA-TIMS zircon dates for the BFB differ by an insignificant 0.15 My. Sample 52Q2 (210.08 ± 0.22 Ma) in the BFB is from within magnetozone PF2r, which is correlated to Chron E16r whose APTS age range of 209.95-210.25 Ma was based on counting 20.62-21.35 long eccentricity (405 ky) cycles back from the high-precision U-Pb zircon date at 201.6 Ma in the Newark section (1, 7). The U-Pb CA-TIMS zircon date for the BFB agrees precisely with the predicted APTS age for Chron E16r. This agreement immediately discounts assertions that even a small fraction of a 405-ky cycle let alone millions of years are missing below the CAMP lavas in the Newark section.
The overall stratigraphic coherence of the magnetic correlations with the BFB and other U-Pb zircon dates can be gauged in a plot of depth versus age (Fig. 3) . The magnetic correlations to the APTS (coefficient of determination, R 2 = 0.9845) suggest a relatively uniform net sediment accumulation rate of about 34. Table S1 ) allows the U-Pb-dated levels in outcrop to be compared with those reported here from core PFNP-1A. The dates for the BFB from outcrop (sample BFBo) and core (sample 52Q2) are indistinguishable, as described above, supporting the use of the base of the distinctive BFB as a regional time horizon. Sample 158Q2 along with samples GPU and P57-C confirm that the included magnetozone PF4n indeed correlates to Chron E15n, whereas sample 182Q1 along with sample GPU confirm that included magnetozone PF4r most probably correlates to Chron E14r. However, sample GPL has a reported U-Pb CA-TIMS zircon date of 218.02 ± 0.28 Ma (12) that is much too old for its projected level at 207.8 msd in PFNP-1A, which would place it within magnetozone PF4r whose correlative Chron E14r ranges back to only 214.92 Ma (Fig. 3 ). Further discussion of GPL and other dated samples from outcrop lower in the Chinle Fm. are deferred pending acquisition of additional U-Pb CA-TIMS zircon dates directly from the core. The U-Pb CA-TIMS zircon dates for samples 52Q2, 158Q2, and 182Q1 from the core are highly consistent with the depth-age relationship for samples BFBo, GPU, KWI, and P57-C from outcrop projected to PFNP-1A as described above (SI Appendix, Fig. S6 ). However, given the added stratigraphic uncertainties of projecting the dates from surface exposures to PFNP-1A, we prefer to use the dates obtained from the core (samples 52Q2, 158Q2, and 182Q1) for a more detailed analysis. This set of sample data provides a regression for Y (meters stratigraphic depth in PFNP-1A) with respect to X (age in Ma) (Y = 34.34 * X − 7,158; R 2 = 0.9994) that is in remarkably close agreement with a regression of predicted depth versus ages from the APTS via magnetostratigraphy (Y = 34.84 * X − 7,258 m; R 2 = 0.9845) and yield highly consistent estimates for sediment accumulation rate of 34.3-34.8 m/My (Fig. 3 ).
Discussion
The very close agreement between the ages predicted by the magnetic polarity correlations and the U-Pb zircon geochronology directly confirms the timing of the APTS back to about 215 Ma, at around the Chron E14r/14n boundary; this immediately refutes suggestions that significant time is missing in the Newark-Hartford sequence used to build the APTS. The congruence between the Colorado Plateau-zircon-calibrated polarity timescale and the Newark-Hartford APTS can be directly attributed to the reliability of the 405-ky eccentricity variation recorded in the NewarkHartford sequence, in terms of its correct identification and 
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Newark-Hartford APTS Table S2 ); solid red line is a linear regression for base magnetozone PF1r to base magnetozone PF4r to their correlative chron ages. Blue circles are U-Pb CA-TIMS detrital zircon dates from PFNP-1A reported here (SI Appendix, Table S4 ); light blue squares are published U-Pb CA-TIMS detrital zircon dates from outcrop correlated here to PFNP-1A using a regression on member boundaries mapped in an outcrop composite section (12, 20) counting of its expression as the long eccentricity climate cycle (21) as well as the periodicity being close to 405 ky as calculated from modern celestial mechanics (6) . In fact, the age difference (8.50 My) estimated from slightly less than 21 long eccentricity cycles between the U-Pb-dated tie points at 210.08 Ma for the BFB within Chron E16r (Ecc 405 :518.87-519.60, centered at 519.24), and 201.6 Ma just below first CAMP basalt (Ecc 405 :498.25) is indistinguishable from the difference in the U-Pb dates (8.48 My, with an estimated uncertainty of ±0.3 My from propagation of the individual 2σ errors), which would imply a cycle duration of close to 404 ky, or within an insignificant 1 ky or 0.25% of the hypothesized 405-ky period. The periodicity of the Jupiter-Venuslong eccentricity cycle indeed must be very close to 405 ky even at this remote age range and we see no justification given the present observational uncertainties to assume a different value.
The 405-ky oscillation is the largest and most stable term in the periodic approximation of Earth's eccentricity, but theoretical solutions formally constrain orbital motions to only about the past 50 million years, with different solutions yielding deviations of up to about ±405 ky over 250 My (6) . Nonetheless, this apparent stability, however plausible, is entirely theoretical. Independent U-Pb CA-TIMS zircon dating is just beginning to confirm the accuracy of these solutions in the Cenozoic (22). Our work shows that the 405-ky eccentricity cycle can be used with confidence as a framework of geologic timescales back to at least 215 Ma in the Late Triassic, which also places an empirical constraint on the dynamics of the Solar System (6) over a time span more than four times longer than orbital solutions allow.
Finally, a number of global events in the Late Triassic can now be integrated more confidently into the framework of the APTS (Fig. 2) . In particular, the vexing problem of Late Triassic biotic provinciality and the delay in rise to ecological dominance of tropical dinosaurs until after the end-Triassic mass extinction (23) can be explored without relying on biostratigraphy for time control, which has in the past resulted in circular reasoning. Dinosaurs had evolved by the early Late Triassic (Carnian), and by the Norian, relatively large, herbivorous, sauropodomorph dinosaurs were abundant at mid-to-high latitudes, but apparently absent from low latitudes (23, 24). Based on correlation of paleomagnetic polarity sequences to the confirmed APTS, we can now more securely place the diverse La Esquina assemblage, with its abundant large herbivorous sauropodomorph dinosaurs from the upper third of the Los Colorados Formation of Argentina (paleolatitude ∼40°S; Fig. 3 , Inset) in Chron E15n at about 213 Ma (25). This assemblage is thus contemporaneous with the diverse assemblages of the early part of the Revueltian biozone (18) of the western United States (paleolatitude, ∼10°N), in which dinosaurs are rare and small-bodied, and sauropodomorphs (and all herbivorous dinosaurs) are absent (26). Like in the western United States, strata in chrons E15n-E16n in the Newark and Fundy basins (27) with paleolatitudes of ∼15°N produce diverse tetrapod track assemblages but lack putative sauropodomorph footprints, and dinosaur track-makers are rare and small-bodied. The Fleming Fjord Fm. bone and track assemblages from Greenland (paleolatitude, ∼43°N) have both abundant large-bodied sauropodomorph skeletons and footprints (28) and correlate to chrons possibly only as old as E14n (∼216 Ma) (29), similar in age to the La Esquina assemblage in the Los Colorados Fm. as well to the Revueltian assemblages in the Chinle and contemporaneous assemblages in the Newark and Fundy basins. The absence of large-bodied herbivorous dinosaurs in the tropics of Pangea, the strong biotic provinciality (30, 31), and the 30-My delay in the rise of dinosaurian ecological dominance in the tropics (23), is thus not an artifact of biostratigraphic miscorrelation as construed by some (32) but a real feature of that world in which it can now be quantified both in time and space.
Materials and Methods
A total of 174 oriented subsamples were extracted from ∼24-278 mcd (∼21-248 msd) from the finest-grained most red-colored sediment facies of the lower Owl Rock Mb., the entire Petrified Forest Mb. including the BFB, and down into the middle part of the Sonsela Mb. Progressive thermal demagnetization was used to isolate the characteristic component of the natural remanent magnetization of each specimen that tended to be carried predominantly by hematite (SI Appendix, Fig. S1 ). A least-squares linear fit using principal-component analysis over the three to seven (typically five) demagnetization steps in the range of 300-600°C and anchored to the origin (SI Appendix, Fig. S2 ) was used to assess the characteristic remanent magnetization (ChRM) in each sample. Results were deemed acceptable if the maximum angular deviation (MAD) (33) was 16°or less; 132 of the 174 samples (76%) satisfied this criterion (average MAD of 8°) and fell into two populations (SI Appendix, Fig. S3 ), shallow northerly and shallow southerly groupings that are interpreted to represent normal and reverse polarities of the Late Triassic geomagnetic field that provide a magnetostratigraphy (SI Appendix, Tables S2 and S3) .
Samples for U-Pb zircon dating were also taken at the Rutgers Core Repository. Each sample was a 10-to 20-cm-thick quarter-round cut using a bandsaw with a carborundum-tipped blade, targeting sandstones that were poorly sorted and contain abundant accessory minerals indicative of volcanic detritus. The samples were crushed, and mineral concentrates were then purified using standard mineral separation techniques, including sieves, magnetic separation, and density separation at the LaserChron Center at the University of Arizona, mounted on epoxy disks and polished to about one-half of the crystal width followed by laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) analyses, providing a survey of the range of zircon ages present. At the Berkeley Geochronology Center, 20-30 crystals displaying the youngest LA-ICPMS age from each sample were extracted from the mount and prepared for zircon U-Pb chemical abrasion, thermal ionization mass spectroscopy (CA-TIMS). Before TIMS analysis, all zircons were pretreated using thermal annealing at 850°C for 48 h, followed by chemical abrasion with concentrated HF in pressurized dissolution capsules at 220°C for 8-12 h. The analytical data of four samples from the Chinle Fm. subjected to U-Pb zircon CA-TIMS analyses are presented in SI Appendix, Fig. S4 and Tables S4 and S5. ACKNOWLEDGMENTS. We thank the National Park Service, particularly superintendent Brad Traver, for permission to core in the park and for logistical support during site selection and drilling. On-site and laboratory core processing, scanning, and archiving were carried out by LacCore, particularly Anders Noren, Kristina Brady, and Ryan O'Grady; on-site core-handling volunteers Justin Clifton, Bob Graves, Ed Lamb, Max Schnurrenberger, and Brian Switek are thanked for their around-the-clock efforts, and drilling manager Doug Schnurrenberger for overseeing a superb coring project. We sincerely thank the two journal reviewers for insightful comments that allowed us to improve the data analyses. 
PFNP-1A core logistics and sampling
Core CPCP-PFNP-13-1A (henceforth PFNP-1A) was drilled in the parking lot at Chinde Point in the northern part of the Petrified Forest National Park (35.085933° N, 109.795500° W, WGS84 datum) in November and December, 2013, by Ruen Drilling, Inc. The HQ core hole configuration was designed to be inclined 60° from horizontal (to facilitate orientation of cores in the flat-lying beds) at an azimuth of 135° (to avoid a late Cenozoic Bidahochi lava feeder dike). EZ Shot data collected during drilling give core hole inclinations ranging from 58.3° -62.0° and azimuths (true north) from 132.2° -140.3°, conforming to the design specifications. Accordingly, we use an inclination of 60° and azimuth of 135° to reorient samples taken from the core. The drilled interval had a total core length of 519.9 m (450.0 m stratigraphic equivalent assuming the hole was inclined at 60° and beds are horizontal). The 6.25-cm-diameter core was collected in 395 runs, each nominally 1.5 m long. Each run was cut into two to three segments (each not exceeding 76.2 cm for scanning purposes) for a total of 931 sections. Orientation of each core run was performed using the Reflex ACT II(III) device. A video of how this device works and how the data are transferred to the core is at: http://www.youtube.com/user/reflexinstruments, with the relevant video being: https://www.youtube.com/watch?v=FrPKM-_D72A.
The core orientation information was transferred from the device to the bottom of each core. Core in its liner was transferred to the onsite LacCore tent where a white line was drawn from the orientation mark along the core axis length before being sliced into core segments. The white line is consistent for all cores, and always on the down-side of the core opposite from the azimuth of the inclined drilled hole. The up/down orientation of the core segments is maintained with blue endcaps on tops and red endcaps on bottoms of liners. In a small proportion of cases the orientation is ambiguous or reversed due to a bad orientation device reading (one of the two devices was not working for a period of time), the core rotating inside the plastic liner, or possibly due to operator error during core cutting and labeling in the lab. At LacCore, the core segments were split along the white line up with a 12" diameter diamond saw lubricated with water. After scanning and description, the work-halves of the cores were shipped to the Rutgers Core Repository. Looking down the borehole, the work halves of the cores would be on the observer's left side, i.e., the northeast half of the core with the split face toward the southwest.
Sediments above the Sonsela Mb. in the core were generally too poorly indurated to take standard 2.5 cm-diameter plugs with a water-cooled diamond drill bit. An initial suite of samples was thus taken mostly by plucking loose pieces from the split face of the working-halves of the cores. The subsequent and preferred method of sampling to obtain coherent material was to cut half-round or quarter-round slices about 2 cm thick, sometimes through the plastic liner, using a bandsaw with a carborundum-tipped blade. Specimens for paleomagnetic measurements were prepared by cutting a flat surface on the up-core side and a perpendicular flat surface parallel to the split-face of the core. The split-face sample surface was inscribed with an arrow marking the up-core direction on what should be an oriented face as determined from the Reflex device. Finegrained reddish-colored sediment was preferentially sampled although this lithology was often associated with massive paleosols that had few indictors of bedding; silt-and sand-sized sediment with layering and oblate bleached haloes around organic blebs or minerals (with major axes assumed parallel to bedding) were sometimes present in the same core run and such indicators of 3 bedding provided an independent check on the orienting tool. Given the known azimuth and dip of the drill core, traces of bedding that are horizontal in situ should appear to tilt 30° down to the right looking at the split face of the working-halves of the core, for the interval studied here.
Background information on core PFNP-1A can be found at http://www.ldeo.columbia.edu/~polsen/cpcp/CPCP_Scientific_Drilling.html.
Paleomagnetic analyses
Backfield demagnetization curves of isothermal remanent magnetization (IRM) show that the magnetizations of the sampled units are typically dominated by hematite, as indicated by lack of saturation in 2.5 T fields and high remanent coercivities of about 700 mT, with some contributions of a lower coercivity phase like magnetite that even become dominant in some of the pale-colored sandstones of the BFB (Fig. S1) . Accordingly, progressive thermal demagnetization was used to isolate the characteristic component of the natural remanent magnetization (NRM) of each specimen. Samples were heated at temperature for 45 minutes in a ASC TD48 oven in typically 12 steps from 100° (or 150°) to 675°C and the magnetizations after each step were measured after cooling to room temperature in a 2G Model 760 3-axis DC SQUID magnetometer, all housed in a magnetically-shielded room at LDEO.
Vector endpoint demagnetograms (Fig. S2) typically show the removal of a spurious (not systematically oriented) low unblocking temperature component to 300°C followed in most samples by a stable component with shallow inclination up to 675°C. A least-squares linear fit using principal component analysis over the 3 to 7 (typically 5) demagnetization steps in the range 300°-600°C and anchored to the origin was used to assess the characteristic remanent magnetization (ChRM) in each sample. The 132 sample characteristic remanent magnetizations (ChRM) that were deemed acceptable based on progressive thermal demagnetization (maximum angular deviation (MAD) (1)) of 16° or less (average MAD 8°) are quite scattered but generally fall into two populations (Fig. S3) , a northerly-directed group (Dec=0.4°, Inc=+22.7°, a95=6.0°, k=7.1, n=90) and a southerly-directed group (Dec=172.8°, Inc=+8.1°, a95=12.5°, k=4.1, n=42). The declinations are close to 180° apart but there is a downward bias in the inclinations so the two populations are not antipodal (departure=32±14°) and do not pass a reversal test (2) . The overall mean direction after inverting the southerly population is Dec=358.1°, Inc=+13.8°, a95=6.1°, k=5.0 for n=132 samples. The ChRM of approximately equivalent strata in outcrop had essentially the same mean direction (Dec=358.9° Inc=+8.2°) although with considerably less scatter (a95=2.8°, k=33.8 for n=53 samples from Painted Desert Mb., equivalent to Petrified Forest Mb. here) and passed a reversal test (Table 1 in (3)). The expected direction for the core site locality using the 210 Ma reference pole for North America (64.2°N 91.2°E A95=2.9°)(4) is Dec=350.9° Inc=20.6°, corresponding to a paleolatitude of 10.7°N±2.9°. The shallower than expected mean ChRM direction of the upper Chinle in core PFNP-1A (and in outcrop (3)) can be attributed to sedimentary inclination error corresponding to a flattening factor of ~0.7, typical of many Triassic continental redbeds with early-acquired magnetizations (5) . The accepted sample data were used to construct a paleomagnetic polarity sequence for the upper 280 mcd of core PFNP-1A (Tables S2, S3 ).
U-Pb CA-TIMS analytical procedures
The samples were crushed and mineral concentrates were then purified using standard mineral separation techniques, including sieves, magnetic separation and density separation at the LaserChron Center at University of Arizona, mounted on epoxy disks and polished to about onehalf of the crystal width followed by LA-ICPMS analyses providing a survey of the range of zircon ages present. At the Berkeley Geochronology Center (BGC) 20-30 crystals displaying the youngest LA-ICPMS age from each sample were extracted from the mount and prepared for zircon U-Pb CA-TIMS (Chemical Abrasion-Thermal Ionization Mass Spectrometry). Prior to TIMS analysis all zircons were pretreated using thermal annealing at 850°C for 48 hrs, followed by chemical abrasion with concentrated HF in pressurized dissolution capsules at 220°C for 8 to 12 hrs. Complete dissolution in an ultraclean wet chemistry laboratory was preceded by cleaning the crystals in ultrasonically agitated aqua regia followed by multiple steps of rinsing in clean HNO 3 . Zircon crystals were then spiked with 205 Pb-233 U-235 U tracer solution (both a solution mixed and calibrated at BGC as well as Earthtime 535 tracer were used; for intercalibration see Ref. (6)), and then dissolved by vapor transfer in HF using miniature PTFE capsules at 220°C for 6 days. After dissolution, the equilibrated sample/tracer solution was loaded on zone refined Re filament using silica gel as emitter substance (7). Isotope ratios were determined on a Micromass Sector 54 mass spectrometer using a Daly-type ion counter positioned behind a WARP filter. Pb (as Pb + ) and U (as UO 2+ ) were run sequentially on the same filament (for calibration of the BGC tracer see (6, 8, 9) correlation of +0.47 (ratios and uncertainties were propagated into the age and age-error calculations). The total procedural blank including ion exchange chemistry is also as low as 1 pg but scatter in total common Pb concentration and possibly common Pb composition suggests that results from unextracted analyses of zircon yield better reproducibility. Deficient radiogenic 206 Pb in zircon due to initial deficit of 230 Th is accounted for by assuming a partition coefficient ratio DTh/DU of 0.2 (as applied in (10)), or by assuming Th/U in the parent magma to be 3.5 where the ET535 tracer solution was used (the resulting difference in age from either approach is negligible). Mass fractionation of U during analysis was controlled by the U double spike, whereas Pb mass fractionation was corrected by 0.15 ± 0.6 %/AMU (based on multiple analyses of NBS 981).
U-Pb CA-TIMS results
The analytical data of four samples from the Chinle Fm subjected to U-Pb zircon CA-TIMS analyses (Fig. S4) are presented below. The ages are considered maximum depositional ages because the zircons contained in the deposits are redeposited and the lag between the ages of juvenile volcanic zircons and deposition is unknown but arguably short or not even resolvable. Therefore ages reported here, which serve to constrain the ages of corresponding polarity zones in the Late Triassic of the Colorado Plateau and the astronomically calibrated Newark Hartford basin, are not considered to represent accurate depositional ages by themselves.
Ages are reported as weighted mean 206 Pb/ 238 U ages (with uncertainties at the 95% confidence level) unless stated otherwise (Tables S4, S5 ). Sample 52Q-2 from 56.0 ± 0.08 msd is a fine-grained white sandstone from the Black Forest Bed within the upper part of the Petrified Forest Mb. in polarity zone PF2r. An age of 210.08 ± 0.22 Ma (MSWD = 0.82) can be calculated from a coherent cluster of 6 out 14 analyses. Seven older analyses range from 210.52 to 214.92 Ma, and one age is resolvably younger at 203.06 Ma 5 and likely compromised by Pb loss. Th/U in this sample ranges from 0.38 to 1.97, which suggests, due to the wide range, that the crystals are derived from various sources. Our age of 210.08 ± 0.22 Ma is in agreement with an age of 209.926 ±0.072 Ma reported for the Black Forest Bed, but not necessarily from exactly the same stratigraphic level. PF2r correlates with E16r with an astronomically tuned age range from 209.9 to 210.2 Ma.
Sample 158Q-2 is a sandstone from 172.0 ± 0.09 msd in the uppermost Sonsela Mb. and the middle portion of polarity zone PF4n. 206 Pb/ 238 U ages of 17 zircon analyzed range from 207.88 to 223.82 Ma, but ages <210 Ma are not feasible because of stratigraphic and age constraints from sample 52Q-2 9 (see below). We therefore conclude that at least the youngest 4 analyses of 158Q-2 suffered Pb loss despite an aggressive pretreatment of chemical abrasion. A cluster of nine analyses yields an age of 213.55 ± 0.28 Ma, however, the MSWD is elevated (2.0) suggesting that a subset of this cluster is representative of the maximum depositional age (either 213.00 ± 0.36 Ma or 213.71 ± 0.20 Ma if Pb loss is more severe). Th/U in the sample ranges from 0.70 to 1.66. Polarity zone PF4n correlates with E15n from the Newark Hartford basin with a predicted age from 212.6 to 213.4 Ma. Sample 177Q-1 from 190.0 ± 0.09 msd is stratigraphically lower from the upper Sonsela Mb and also from within polarity zone PF4r. The 206 Pb/ 238 U ages are dispersed and range from 212.81
to 216.37 Ma with Th/U ranging from 0.64 to 1.85 (the latter can perhaps be considered an outlier). Some of the ages are also compromised by imprecision due to very small sample size. At face value the youngest age of 212.81 ± 1.25 Ma must be considered a maximum depositional age if Pb loss can be excluded. Because none of the ages were convincingly reproduced, the latter age is ambiguous. Sample 182Q-1 from 195.3 ± 0.13 msd is a mud/siltstone from the upper Sonsela Mb. that was dated to an age of 214.08 ± 0.20 Ma (MSWD = 1.02) based on the youngest 6 analyses. Five additional analyses from selected crystals range from 214.88 to 219.54 Ma. Th/U of the crystals from the coherent cluster ranges from 0.49 to 1.05. Sample 182Q-1 is from within polarity zone PF4r which, based on the correlation with the APTS, is equivalent to polarity zone E14r (213.4 to 214.9 Ma).
Correlation of samples from core PFNP-1A and outcrop composite section
The BFB is a distinctive, white tuffaceous crossbedded sandstone that can be traced over large areas of the PFNP. Moreover, it was sampled for dating (11) in outcrop at Chinde Point, the same area as the drilling site for PFNP-1A, making its correlation to the core secure. In contrast, other dated horizons reported from the Sonsela Mb. (as well as the Blue Mesa and Mesa Redondo Members that are not considered here) of the Chinle Fm. (11) (12) (13) are from less distinctive beds sampled over a wide geographic area and thus present more of a challenge tying them into PFNP-1A. We use a lithostratigraphic composite section measured for the Chinle Fm. in outcrop (11, 12) as a framework for the U-Pb dates from outcrop samples. There is actually a remarkably good correlation between the cumulative thickness of lithostratigraphic subdivisions of the Chinle Fm. measured in outcrop and their stratigraphic thicknesses in core PFNP-1A, with a coefficient of determination, R 2 >0.99 ( Fig. S5; Table S1 ). We use the regression from the base of the Sonsela Mb. to the base of the Owl Rock Mb. pinned to the common base of the BFB to place the U-Pb CA-TIMS zircon data from outcrops analyzed by the MIT lab of the BFB and the Sonsela Mb. (11, 13) into the common lithostratigraphic depth scale for comparison with the U-Pb CA-TIMS zircon data analyzed by the BGC lab and reported here from core PFNP-1A (Table S4) . Depth relationships of the MIT outcrop samples and the BGC core sample data are very similar (Fig.  S6) . Given the added stratigraphic uncertainties of projecting the MIT outcrop dates to PFNP-1A, we prefer to use the BGC dates taken from the core (samples 52Q2, 158Q2 and 182Q1), which provide a linear regression (msd in core PFNP-1A = 34.34 * Age -7158, R 2 =0.999) that turns out to be remarkably close to a regression of predicted stratigraphic depth versus ages from the APTS via magnetostratigraphy (msd in core PFNP-1A = 34.84 * Age -7258, R 2 =0.985) (Fig. 3) .
The high level of agreement between the APTS and U-Pb CA-TIMS dates, which shows that hiatuses are not apparent in the APTS, offers a unique opportunity to test the accuracy of the detrital zircon ages in terms of age bias due to redeposition. A linear fit with such high correlation of determination (R 2 >0.99) to the CA-TIMS zircon ages suffices because, a priori, the magnitude of age bias due to redeposition is not known. However, some of this bias could be estimated from the departures of zircon ages from the APTS ages, if assumed to be accurate. For example, application of the StalAge algorithm with a Monte Carlo technique (14) to the verified APTS ages (Fig. S7 ) reveals small-scale offsets from a linear age-depth relationship that are most likely due to varying age biases in the populations of redeposited zircons. Such an approach might be useful to extract depositional ages from large populations of LA-ICPMS detrital zircon dates. Table S4 ). Vertical bars show full 2σ uncertainties; zircon analyses with black bars were used to calculate the sample mean age and 2σ uncertainty (95% confidence interval). (11, 12) versus their depth in core PFNP-1A (Table S1 ). Two linear regressions are shown (both equations given), one for all these units (dashed line) and another for just the base of the Sonsela Mb. to the base of the Owl Rock Mb. (solid line), which was used to place the U-Pb CA-TIMS dated zircon samples from outcrop (BFBo, GPU, P57-C, KWI and GPL from (11, 13) ) in the same stratigraphic framework as the UPb CA-TIMS dated zircon samples from core PFNP-1A (52Q2, 158Q2, 177Q1, and 182Q1 reported here) ( Table S4) . (11, 13) that were projected into the depth scale of the core using base of the BFB in common (Table S4) . Linear regressions of depth versus age for both sets of data separately and combined are shown. (11, 13) that were projected into the common depth scale of the core with an assumed ±5 m stratigraphic uncertainty (squares), all shown with ±2σ age uncertainties (Table S4) , compared with magnetozone boundaries with their stratigraphic uncertainties in core PFNP-1A as correlated to APTS ( Table S2 ). The 95% confidence interval in the depth versus age relationship for the magnetozones using the StalAge algorithm and Monte Carlo technique (14) overlaps for the most part with a linear fit and 95% error envelope through the zircon ages but reveals varying age biases in the populations of redeposited zircons. Magnetozone is the magnetic polarity interval numbered from the uppermost identifiable polarity interval of the Chinle Fm. in this core (PF1r) to the lowermost polarity interval (PF5n) in the part of the core sampled for this study, with a prefix, PF, for Petrified Forest and suffixes n and r for predominantly normal and reverse polarity. The identified base of each magnetozone is designated in mcd, meters core depth, and in msd, meter stratigraphic depth, msd, by taking into account 60° inclination of the core hole; sampling resolution for polarity boundary given as ± msd (Table S4) . Proposed correlative Chron for each magnetozone is given with its starting Age in million years ago (Ma) and position within a 405 kyr orbital eccentricity cycle (Ecc 405 :k) where k is the fractional number of predicted cycles counting back from the most recent peak value (k=1) at 0.216 Ma (17) . Reliable data for PF1r start in samples only at 38 mcd (~33 msd) above which the results are very scattered due to weathering and drilling disturbance in the porous poorly lithified sediment; the base of PF5n was not reached in this suite of samples. 
